Manufacturing Control Subsystems Department Contribution
The mission of the autonomous GC system is to collect data to help characterize several aspects of the TEVES experiment. These include: extraction manifold flow rate subsurface pressure profile.
VOC concentrations in the untreated borehole effluent extraction manifold temperature, pressure, and relative humidity mass removal rates for a select list of VOCs mass removal rates for water efficiency of the catalytic oxidation system mass discharge rates of VOCs into the ambient air
Target Analytes
The gas chromatograph method quantifies the following compounds with nominal detection l i m i t s ranging from 2 ppm to 1,000 ppm calibrated, but with the capability to extend lower and higher. 
Quality Control Measures
The system is operated in accordance with the QC/QA requirements described in: To this end the following were incorporated: 0 twice daily calibration verification with a NIST-traceable calibration gas twice daily zero air certification to establish lower detection limits periodic measurement of parameters that impact data quality (mobile lab temperature, gas supply pressures, valve states, sample flow rate).
Hardware Subsystems
The autonomous GC system consists of six hardware subsystems: sample transfer lines sampler gas chromatograph 0 extraction manifold instrumentation gas supplies.
View of Autonomous GC inside Lab building
computer and data acquisition hardware 2.0. 
Sample Transfer Lines
The sample transfer lines ( Each source has it's own independent transfer subsystem with the following major components: 0 heated TeflonTM tubing P U P particle filter
A tee between the pump and heated lines is the access point for the sampler subsystem. The 25 foot long TeflonTM lines are heated to 100°C to prevent condensation of VOCs and water vapor. The orientation of the components prevents condensation fkom entering the sampler and fritted filters prevent particulates fkom entering the sampler subsystem.. The unsampled portion is vented through a charcoal filter to the outside air. 
Sample Transfer Subsystem Design Layout

Sampler
The sampler ( The mode of operation is to inject a repeatable volume of sample using constant flow rate sampling through a sample loop. The sample loop volume was carefully selected so that no sample dilution or preconcentration is required to meet the target detection limits for the GC. The sample flow rate was selected to be high enough to eliminate errors due to difision effects while keeping pressure drops reasonably low. In addition, a volumetric purge of about 500x is performed between sample changes to minimize carryover. Because of the extremely high relative humidity of the samples, a Nafionm membrane dryer is used for drying all samples upstream of the mass flow controller and sample loop.
The rotary vane pump continuously circulates whichever sample source is selected in order to purge the lines and minimize carryover between runs. The sample source of interest is selected by the six port valve, which diverts the sample stream through the NafionTM dryer, mass flow controller, then through a 1 cc sample loop. The mass flow controller regulates flow rate at a constant, preset level (100 cc/min) independent of source pressure. After a 2 minute purge time (a volumetric purge of 200 times), the 10 port valve changes position, injecting the contents of the sample loop (while flow rate is held constant) onto the chromatographic column. After sample injection, the 6 port switching valve is reset to position 1 to purge the sampler with relatively clean room air).
Sample Sources
There are five vapor sample sources, three fkom the TEVES site and two used for quality control. extraction manifold (untreated borehole effluent) 
Sampler Design Layout
Because of the extremely high relative humidity of the samples, a Nafionm membrane dryer is used for drying all samples upstream of the mass flow controller and sample loop. In the worst case design condition, the dryer is designed to reduce sample dew point to O°C or lower. Although we have attempted by design to minimize the potential for condensation of water and or VOCs, we have no means for verifjring that condensation does not occur. 
Sample Loop Volume
The sample loop size (1 cc) was selected so that the concentration of any of the target analytes in a 1 cc sample would fall within our target detection limits (10 ppm to 1,000 ppm) and also fall within the range bracketed by the FID minimum detection limit and the maximum column capacity.
control Minimum sample volume is driven by the detection limit of the flame ionization detector (FID).
The detection limit for the FID is conservatively estimated to be about 1 nanogram, although much less may be possible for some compounds.
Maximum sample volume is limited by the capacity of the column. The capacity of the 0.53 mm ID capillary column is conservatively estimated to be 1000 nanograms per component, but much more is probable for most compounds.
Sample Rate
A sample rate of 100 cc/min was chosen because it is low enough to keep pressure drops within reasonable limits high enough to eliminate errors due to diffusion high enough to keep purge times reasonably short.
Gas Chromatograph
The gas chromatograph (GC) is a Varian model CX3400 with the following features. The GC back panel gas hookups are shown in Appendix B. Assembly diagrams for the helium, hydrogen, calibration gas, and zero air supplies are shown in Appendix C. The helium and hydrogen supplies are scrubbed prior to delivery to the GC by water/oxygen/hydrocarbon filters.
Compressed air is supplied by an air compressor. All compressed gas cylinder pressures are monitored by the computer to ensure adequate gas supplies. Each manifold was leak tested using Snoop up to the pressure set point (1 00 psi) of the pressure relief valves.
Summary of Operation
The autonomous GC system collects data to characterize several aspects of the TEVES experiment. The system operates continuously 24 hours a day, starting a new operating cycle (or task) every two hours. During each task, the following operations occur automatically: 0 one of five vapor sources (calibration gas, zero air, extraction manifold, pre catalytic oxidation unit, post catalytic oxidation unit) is selected for sampling 0 the sample is prepared for injection into the GC 0 the sample is analyzed using a wide bore capillary gas chromatography and 9 specific analytes are quantified 0 parameters that impact data quality (trailer temperature, gas supply pressures, valve states, sample flow rate) are monitored. a summary data file is generated. This is designed to be imported into an EXCEL spreadsheet which will provide a quick and easy platform for data analysis and presentation 0 a backup copy of the TEVES subdirectory in made onto a Bernoulli disk.
Installation and Turn-on
Prior to unattended operation, the system needs several manual adjustments, described in detail in Appendix A. Subsequently, all operations run unattended under computer control. Software is discussed in Section 5.0.
Unattended Operation
Five types of tasks are performed each day. Each task follows the same procedure as any other task with one exception -the choice of sample source. There are five sample sources, three from the TEVES and two used for data quality control. A scheduler program calls one of the five tasks to execute starting at a given time of day according to the following schedule: 
TEVES Sampling Schedule
Chromatographic Method
The chromatographic method uses a single wide-bore capillary column and flame ionization detection. The column is a Restek model MXT-VOL (30 meters long, 3.0 mm thick film, 0.53 mm ID) designed specifically for volatile organic compound separations. A chromatogram is generated by injecting the sample loop contents directly on column, then reading the FID output while the oven temperature is controlled to a specific temperature versus time profile. The profile was selected to resolve as many VOCs as possible given the following constraints:
the GC does not have sub-ambient temperature capability only a single general purpose column is used cycle time must be 2 hours or less.
After the heaviest identiJied compound (Dichlorobenzene) elutes from the column, the column is baked out to condition the column and to remove any unidentiJied heavy compounds that might otherwise carry over into the next chromatography cycle. This is incorporated into every run by ramping the column temperature to 200°C for a short period of time. A cool down period of approximately 35 minutes is required to allow the oven to return to its initial temperature after the bakeout. The trailer into which the GC is placed must be capable of maintaining the temperature less than 20°C. 
Column Oven Temperature Profile
GC gas flow rates
The GC requires helium as a carrier and makeup, hydrogen and air for the FID. The 
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Calibration & Verification
The relatively high expected concentrations (up to 1000 ppm by volume) of some compounds places restrictions on unattended calibration of the GC. The problem is that compounds with low vapor pressures cannot be volatilized at even modest cylinder pressures (1 Os of psi). The consequence is that calibration mixtures that bracket the high end of our concentration range of interest cannot be made in sufficient quantity, practically speaking, to support a long-term unattended application. For this reason, calibration and verification was divided into two groups: laboratory calibration and field verification.
Laboratory Calibration
All laboratory GC calibration m s were performed prior to the field tests and used the identical sampling procedure and hardware at the site. Multi-point calibrations (0,2,20,200, 1000 ppm by volume) were performed in order of increasing concentrations with three replicates at each level for each compound. Absolute retention time on the column is used for compound identification and peak area is used for quantitation. All results are expressed as parts per million by volume (ppmv) at20°C, 760 mm Hg. The calibration procedure and calculations are described in detail in Appendix D.
Field Verification
To ensure data quality, two types of quality control samples are taken. First, the calibration stability of the GC is verified on 12 hour intervals using a NIST-traceable gas standard (nominally 20 ppm) from Scott Specialty Gases. The certificate of analysis is given in Appendix E. Second, the lower detection limit is measured and carryover quantified by periodically analyzing zero &' blanks. Name
Typical Calibration Chromatogram
Peak Area E x t e r n a l Standard r o t a 1 U n i d e n t i f i e d Counts : ------- GCsleep.exe summary.exe reads hydrogen gas cylinder pressure reads calibration gas cylinder pressure reads helium gas cylinder pressure reads the temperature and relative humidity fiom closes Star Workstation application generates a comma delimited data file, yymmdd.CSV which
GC Star Workstation Application
The GC is controlled by the Varian Star Workstation. Functions include calibration, column oven temperature control, sample inject valve control, FID output measurement, chromatographic analysis, and report generation.
Visual Basic Applications
There are three Visual Basic applications:
I Gcawake.exe I opens and operates GC Star Workstation application I I integrates all data files up to and including the given day into a single ASCII text file for uses bv an Excel smeadsheet
EXCEL Spreadsheet
The summary data files, yymmdd.CSV, contain all relevant TEVES data in a form directly importable to a customized EXCEL spreadsheet. The spreadsheet provides a single integrated platform for analysis and presentation of all TEVES data. TEVES data may be accessed at any time (up to the most recently completed operating cycle) by removing the Bernoulli disk used for backups and importing the summary data file into the EXCEL spreadsheet.
task file name manifold.txt
Software Sequence of Operation contains Extraction Manifold sample sequence
After all the hardware (GC, data acquisition, sampling system, etc.) is turned on (see Appendix A), the software can be run. The sequence of software operation is:
1. the machine boots from the hard disk wherein CONFIG.SYS is executed, AUTOEXEC.BAT is executed. 2. the STARTAL,L.VI program opens all Labview Virtual instruments 3. the scheduler.VI waits for the system clock to trigger the appropriate task files at the appropriate times. 4. the task manager.VI waits for the system clock to trigger the hardware and data collection events at the appropriate times.
5. the GC method runs 6. at the end of each task, a set of data files containing all data acquired during that task (instrument readings, raw chromatograms, datalogger data, etc.) is saved to hard disk. 7. a summary data file is updated on the hard disk 8. all data files are backed up to the Bernoulli disk 9. wait for next task
Summary Data File
The summary data file contains the following data: 
3.
A Scott Specialty Gases Acculife aluminum cylinder (size CL) was cleaned by purging with dry UHP Zero Air, then evacuated to 10-4 torr. This process was repeated three (3) times.
Each VOC of interest was introduced into the evacuated cylinder by injecting a measured volume of each through a silicone septum at the cylinder valve. A gas-tight microliter syringe was used to inject the compounds of interest, one at a time, in liquid phase. The syringe was cleaned between injections by purging twice with methanol and once with the VOC to be injected next. After all compounds were injected, the cylinder was filled with a metered volume of UHP Zero Air using a precision mass flow controller. Flow rate was 500 cclmin and fill time was dependent on what volume of dilution gas was needed to achieve the desired VOC vapor concentration. -------COMPONENT 
Calculations
1.2-DICHLOROBENZENE ETHYLBENZENE HALOCARBON 1 1 3 N-PENTANE TETRACHLOROETHYLENE I.1,l-TRICHLOROETHANE TRICHLOROETHYLENE M-XY LENE 0-XY LENE P-XY LENE N I TROGEN REQUESTED GAS ANALYS IS -------------CONC MOLE5 --[WCY ---LEBL, --
Gas Filters
If the chromatogram baseline starts to look "dirty", the carrier gas filter should be replaced. Filter life expectancy with our system is expected to be many months of continuous usage.
Particle Filters
If a drop in sampler flow rate (as read by the sampler mass flow controller) takes place over time, the cause may be a clogged particle filter. If this is the case, the 2 micron stainless steel frit must be replaced.
FID Detector Cleaning
If a reduction in FID response is noticed over a period of time, as indicated by the twice daily field calibrations, it may be necessary to clean deposits from the FID electrode. See the GC manual for guidance on disassembly and cleaning.
Appendix I: VOC mass removal rate calculations
VOC mass removal rate is simply the product of manifold air flow rate and mass density of VOC per volume air. It is calculated from two parameters: 
